The 10 mA, 60 MeV compact cyclotron being developed for the IsoDAR experiment exceeds by a factor of almost 10 the power capabilities of existing isotope cyclotrons. This White Paper examines the features of this cyclotron, how it is able to achieve these groundbreaking power levels, and how it could be applied to producing valuable isotopes in quantities that are beyond the reach of existing technology.
Introduction
The IsoDAR experiment [1] calls for emplacement of a powerful neutrino source within close proximity to a large (kiloton-scale) liquid scintillator detector (e.g. KamLAND) as a definitive test for the existence of sterile neutrinos. Driving the neutrino source is a 10 mA, 60 MeV/amu compact cyclotron (accelerating H 2 + ); its 600 kW of protons strikes a beryllium target to produce neutrons that flood a 7 Li-containing sleeve generating 8 Li, whose decay in turn produces the desired electron antineutrinos. The antineutrino flux is equivalent to that of a 50 kiloCurie (2 petaBecquerel) beta-decay source.
For producing isotopes for radiopharmaceuticals, typical cyclotrons [2] accelerate a maximum of 2 mA of H − to 30 MeV, while the largest commercial machines from IBA [3] and Best [4] (also accelerating H − ) produce about 1 mA of 70 MeV protons on target. With power levels about ten times higher, it is reasonable to ask whether it is feasible to use the IsoDAR cyclotron for producing isotopes. The higher beam currents could produce larger quantities of isotopes for which cross sections are low (such as 225 Ac from natural thorium targets with an estimated production rate of 1 Ci in 5 hours) or could make high specific activities of long-lived isotopes, in particular parents of mother-daughter generator pairs (e.g. the 270-day 68 Ge parent of the Ge/Ga generator -estimated production: 7 Ci per day). The uniqueness and value of such isotopes could provide very substantial economic incentives for development of isotope-production capabilities in an IsoDAR-class cyclotron.
These two examples are discussed later in this paper.
We will first examine the features of this cyclotron, and how its design overcomes the current limits of the present state-of-the-art compact cyclotrons, and how it could be optimized for isotope production.
Description of the IsoDAR Experiment
Neutrino studies have assumed extremely high importance in particle physics, in large measure because of hints to "Physics Beyond the Standard Model." For instance, the presence of neutrino mass, now an accepted concept following from the observation of oscillations between different neutrino "flavors", cannot be explained by the Standard Model. Furthermore, as more experiments are performed, anomalies and inconsistencies continue to appear which lead to the belief that we do not yet have a complete picture of the nature of the neutrino sector [5, 6, 7] .
A credible hypothesis, which can go a long way to resolving the inconsistencies, is to postulate the existence of more neutrinos, with heavier masses, that do not exhibit coupling to the weak Figure 1 : Predicted IsoDAR@KamLAND L/E dependence, 5 years of running, for one (left) and two (right) sterile neutrinos. Solid curve is the oscillation probability with no smearing in the reconstructed position and energy. The data points with error bars are from simulated events including smearing. The right (3+2) example represents oscillations with parameters derived in ref [8] .
force (hence are "sterile"), but can exhibit oscillatory behavior with the "normal" neutrinos [9] . A global fit to existing experiments posits the location in parameter space one might search for these neutrinos: mass splitting (from the normal neutrino cluster) ∆m 2 , of between 1 and 6 eV 2 (compared with 10 −3 and 10 −5 for the three known neutrinos), and coupling strength sin 2 2θ ee of around 0.1.
Placing the neutrino source a few meters from the KamLAND detector can produce the oscillatory behavior shown in Fig 1, in the inverse-beta-decay signal of antineutrinos, as these electron antineutrinos oscillate with sterile states, disappearing and reappearing along the path length through the detector. With the anticipated strength of the neutrino source, a positive signal can be observed in just a few months of running. clotron and target are joined by a short transport line, engineered to minimize beam losses. Both target and cyclotron are enclosed in thick shielding required to confine neutrons, preventing these from reaching the detector (where they would be a source of background), or the rock walls, as there are stringent limits on allowed long-term activation of rock in the mine environment.
Cyclotron
For energies in our desired range, around 60 MeV, compact cyclotrons are a cost-effective choice of accelerator technology. Thanks in large measure to the isotope industry, designs are mature, operation reliable, and costs well understood. The performance requirements for our neutrino source, however, go beyond the limits of present-day designs. We will briefly explore these limits and indicate the steps being taken to provide the required performance for our experiment.
"Classical" Isotope Cyclotron
State-of-the-art isotope cyclotrons will inject beam from an external ion source (producing typically 5 to 10 milliamperes of H − ions) placed above or below the cyclotron, with a short beam line running along the central axis of the magnet (perpendicular to the plane of the magnetic field). The source is held at a high voltage, typically 30 kV, providing the initial energy for the continuous (CW) beam. Ions are deflected into the midplane by a "spiral inflector" and directed to the first accelerating electrode of the cyclotron RF system. (See The sinusoidal RF voltage acts on the particles passing through the gaps, and depending on the phase (value of the time-varying voltage) when a particle passes through, it can be accelerated or decelerated. In fact the favorable phase "acceptance", where particles receive the proper energy gain to stay in the prescribed orbit, is only about 30 • , so typically only 10% of the beam presented is captured and accelerated. Sometimes an RF buncher is placed in the transport line to increase the beam density at the favorable phase in the RF cavity, thus improving the capture efficiency. However such double-gap "classical" bunchers might only increase the capture efficiency by a factor of 2, i.e. from 10% to 20%. Much of the beam is lost in the central region of the cyclotron. As the energy is so low, this does not present an activation problem. However, mechanical erosion and thermal damage, as well as possible electrical discharges from sputtered ions, can present operational problems.
Captured beam particles are formed into a bunch. The electromagnetic fields in the cyclotron are designed to preserve this stable bunch: by longitudinal, and transverse (both horizontal and vertical) focusing forces. So, once captured acceleration is usually very efficient, with very little beam loss, to the full energy extraction point at the outer radius of the magnetic field.
The use of H − ions has revolutionized the cyclotron industry. Instead of the usual very lossy septum extraction system, one can extract the ions by placing a thin foil in the beam which strips the two electrons from the H − ion, leaving bare protons. As the charge of the ion has changed from minus to plus, they are bent in the opposite direction in the magnetic field of the cyclotron, and so are directed outwards, away from the center of the magnet. These are then steered to the isotope production target.
The problem with septum extraction is that in early cyclotrons, beam losses on the septum, and in the vicinity of the extraction system were very high. As the beam energy at extraction is now well above the Coulomb barrier, this beam loss leads to very high activation levels in the outer areas of the cyclotron, making for operational and maintenance problems.
For reasons that will be discussed later, the quality of the beam extracted from a foil stripper is not extremely good. However, as the targets are usually close by, this is not a problem.
Performance Limits for H − Isotope Cyclotrons: Beam current
The highest beam currents routinely available from H − cyclotrons is about 2 mA, for 30 MeV cyclotrons, and for 70 MeV units from IBA and Best, limits are no more than 1 mA. These limits arise primarily from lifetime of the stripper foils. Maximum ion source currents and bunching efficiencies also contribute to current limits; however, foil lifetime is the dominant factor.
The stripper foils, almost always a form of carbon, are around 1 micrometer thick (in customary units, around 200 micrograms/cm 2 ). They must have a free edge, as otherwise the H − ions would strike the frame supporting the foil. They are usually supported on an open harp, with top, bottom and outer sides supported by the frame, but the inner edge is free. Fig 4 shows an H − ion passing through a foil at high velocity. It can be thought of as the proton, and two electrons that are essentially free, as they will be scattered away from their parent proton after the first few atomic layers of the foil. These "convoy electrons" have the same velocity as the proton; they carry a kinetic energy less than that of the proton, by the ratio of proton to electron mass. So if the proton has 60 MeV of energy, each convoy electron has 60/1836 or 33 keV, or 66 keV for the two electrons. As the foil is in the magnetic field, the convoy electrons are bent inwards, and their bending radius is also reduced by the mass ratio. Thus, if the proton bending radius is 100 cm, the electron radius will be about 0.4 mm. The electrons will be bent back into the foil, and make repeated passes through the foil until all their energy is exhausted. On the other hand, the proton makes one pass through the foil. The energy loss of this proton, from range-energy tables, is about 2 keV.
As the full 66 keV of the convoy electrons is deposited in the foil because of repeated passes through the foil, these clearly dominate the heating of the foil. Protons contribute 3% to the foil Figure 4 : Schematic of the stripper foil. Negative H − ion (black) strikes foil, is separated into its constituent proton and two electrons. The proton (red) is bent outwards with the same radius as the incoming H − ion, the two electrons (green) spiral many times through the foil until they lose all their energy.
heating. Another way of looking at it: 1 mA of 60 MeV protons has a beam power of 60 kW. Electrons contribute about 30 watts each, or roughly 60 watts total, which is all deposited in the foil. For 10 mA (the IsoDAR specification) this number increases to 600 watts.
Let's examine the factors affecting foil lifetime. For low currents, and low power deposition in the foil, the foil temperatures will be less of a factor. If foil temperatures are below about 2200 degrees (C), the typical pyrolytic graphite foils are minimally affected by thermal effects. The primary stress on the foil is then the passage of the proton, which can cause crystal dislocations. However as the temperature increases, foil lifetimes become progressively shorter, due to sublimation. Above around 2500 degrees foil lifetimes will be shortened substantially, and above 3000 degrees the foils are instantly vaporized.
The rule of thumb for isotope cyclotrons gives foil lifetimes of around 20,000 microampere-hours [10] . This would be independent of beam current, hence of thermal effects, and only determined by the integrated number of protons passing through the foil. I.e. consistent with the crystal dislocation mechanism for foil damage. In fact, for 10 MeV PET cyclotrons with 100 microamps of beam current, foil lifetimes are 100 to 200 hours. For 1 mA 20-30 MeV production cyclotrons foil lifetime is closer to 10 hours. These numbers again reflect a lifetime dependent on the number of protons passing through the foil, and not on thermal effects from power deposition.
There is little information about the temperature of the foils in these machines, but a recent paper [11] gives measurements that imply for a 200 µgm/cm 2 foil, depositing 3 watts of electron power yields a measured temperature of about 1250 degrees (C). This would extrapolate for the 30 MeV production cyclotrons with 30 watts of electron power deposited in the stripper, to a temperature of 2400 degrees (C). This extrapolation is based on the T 4 dependence of black-body radiation (T in degrees Kelvin). (A factor of 10 increased power dissipation translates to a temperature 1.8 times higher.) This temperature is pretty close to the limit before thermal effects substantially shorten the foil lifetime. Increasing the power any further would produce unacceptably short foil lifetimes.
It is clear that attempting to run IsoDAR-level powers could not be done with an H − cyclotron with stripping extraction. (Black body temperature would be over 6000 degrees!)
Performance Limits for H − Isotope Cyclotrons: Beam quality
As ions pass through the RF accelerating cavities in the cyclotron, they gain energy. The energy gain is related to the maximum RF voltage. Also, the gain in orbit radius per turn depends on the energy gain in that turn. For example, let us assume a particle gains 100 keV per turn, (passing through 4 cavities gaining 25 keV through each one). To get to 60 MeV would require 600 turns, and if the outer radius is 100 cm, the change in radius for each turn is less than half a mm. Now consider the size of the circulating beam. The central trajectory is like a spiral, with the properties estimated above. But if one unwinds this spiral, the locus of particles about the central line is generally considerably greater than the half-mm turn separation estimated above. This is due to intrinsic properties of the beam from the source, amplified by the emittance-growth mechanisms associated with inflection and capture. Wrapping this rather wide string back into the spiral, one can see that at any given radius one might see particles from several different turns. Consider, then, that the edge of the stripping foil will in fact see particles from different turn numbers, perhaps as many as four or five. However, each orbit has its own specific energy, which means that there will be an energy spread in the protons emerging from the stripper. This leads to difficulties in transporting the beam to a target if this target is a distance away and requires magnetic focusing and bending elements. One can compensate with achromatic transport lines, that can accommodate a small energy spread in the beam, but the energy spread can still be a problem.
This analysis also explains why septum extraction is difficult to do with high efficiency. For septum extraction to work well, one must have very good turn separation between at least the last two turns in the cyclotron. If the turns are clean, with almost no particles in the radial space between the turns, one can place the thin septum in this space, and apply a high enough voltage between this and an outer plate, so the last turn outside the septum that sees this voltage receives a substantial radial kick into the extraction channel. This allows a subsequent element further into this extraction channel to apply a larger kick, because the separation of the turn in the channel from the circulating beam is now greater, so a more powerful element can be installed. Ultimately, after maybe one or two more such elements in the extraction channel, the beam can be brought outside the cyclotron magnet and transported to the target.
But if turn separation is not clean, a substantial portion of the beam can be lost on the septum. This septum could be a sheet of graphite, perhaps 0.5 mm thick. So one needs a space between turns that is 0.5 mm wide with few particles. In the above example (1 mA of 60 MeV ions) with half-mm between turns, almost 100% of the beam will be lost. Looking at it another way, 60 kW will be deposited on the 0.5 mm septum. At 60 MeV, too, this beam loss will generate very large neutron fluxes leading to unacceptably high activation of the cyclotron.
However, with foil extraction the only consequence is a small energy spread in the beam. It is clear to see the impact of foil extraction! How could one make septum extraction work? It requires very high RF voltages, at least in the outer radii, so energy-gain per turn can be high producing good turn separation. It also requires very good understanding of the beam dynamics, and carefully matching beam through the inflection process to minimize emittance growth. Also, carefully-placed collimators in the early turns of the cyclotron can help restrict particles to well-controlled orbits and prevent particles from reaching the radial space between turns where the septum is located. These will be discussed further on the next section.
Path to Higher Intensities

Space charge management: H 2 + ions
Luciano Calabretta, cyclotron physicist at the INFN-Laboratory in Catania, has spent much of his career focusing on these problems. We are fortunate indeed to have him as one of our main collaborators on the IsoDAR experiment.
In the last section we alluded to emittance-growth mechanisms that make the circulating beam larger, and hence make obtaining clean turn separation extremely difficult. One of the principal culprits is space charge. Beam particles are confined into a bunch by electromagnetic forces, that for low intensity beams can in principle preserve the beam parameters stably. However, as the ion current is increased, increasing the charge density within the bunch, the electrostatic repulsion can overpower the cyclotron's electromagnetic containment forces and cause growth in the beam size. This problem is at its worst at lower energies, in the inflection and during the first few turns.
One of Calabretta's major contributions towards higher power has been the suggestion to accelerate H 2 + instead of H − [12] . The H 2 + ion is a hydrogen molecule with one electron removed, so is two protons bound by a single electron, with a net charge of +1. The ion is stable, much more so than the H − ion, and is abundantly available from the correct type of ion source. Using this ion helps mitigate space charge forces in two ways. First, there are two protons for every charge, so a beam of 5 mA of H 2 + contains 10 mA of protons. Secondly, the kinematic effects of space charge on ions is dependent on the ion mass; the heavier mass of H 2 + results in less actual growth in the beam size for a given current.
The downside of using H 2 + is that as the charge-to-mass ratio of the ion is half that of H − , the magnetic rigidity is twice as high so a larger cyclotron is needed to get the same energy of protons. Indeed, the radius of the IsoDAR cyclotron at the extraction point is 2 meters. The IBA C70 (70 MeV H − ) cyclotron has a radius of about 1.2 meters. If, however, the heavier ion does indeed open the path to higher intensities, it is a price worth paying.
Producing H 2 + ions
Ion sources start with a gas; for protons this will be molecular hydrogen, in which an electrical discharge strips electrons from the molecules. Production of hydrogen ions (protons) almost always proceeds through removal of one electron, leaving an H 2 + ion, and a second interaction with a high-energy electron to break apart this H 2 + ion to form free protons. The ion source chamber has an aperture through which the ions escape, and immediately see an accelerating potential that draws them into a beam that is transported to the cyclotron.
Proton ion sources have been optimized over the years, with extracted current densities of the order of 50-100 mA/cm 2 . For an extraction aperture with a 1 cm 2 area, a typical current would be 50 mA. (For good beam quality, apertures are usually smaller than this.)
The question for our application is, how much H 2 + can be extracted from this type of ion source? We tested a state-of-the-art (40 mA) proton 2.5 GHz RF-driven source, borrowed from the INFN-LNS laboratory in Catania, Italy [13] . We established that the maximum H 2 + current obtainable from this source was no more than about 15 mA. At the power levels at which H 2 + ions were maximized, the proton-to-H 2 + ratio was about 1 to 1. Increasing the power level increased the proton current, but reduced the H 2 + yield. We surmised that the higher power was breaking apart the H 2 + ions. However, a different type of ion source, based on filament-produced electrons to initiate the plasma discharge has been shown to produce a colder plasma that is indeed more efficient in producing H 2 + ions. Work at LBNL by Ehlers and Leung in the 1980's [14] demonstrated H 2 + production of about 100 mA/cm 2 with a very favorable ratio of H 2 + over protons. A source using this technique has been assembled at MIT, and is currently being commissioned [15] . It is expected to produce 30-50 mA, which, as we will see, is considerably higher than what is needed for the cyclotron. As mentioned before, a very small part (about 10%) of the steady-state current from the ion source can actually be captured and accelerated into the cyclotron, because of the small acceptance phase angle. A "classical" buncher might improve the capture efficiency by a factor of 2, but this still results in very large beam losses in the central region of the cyclotron.
Efficient Capture, RFQ Buncher
A novel idea of using an RFQ (Radio-Frequency Quadrupole) stage for bunching and preaccelerating the beam has been proposed [16] , and is actually being developed for use in the IsoDAR cyclotron [17] .
RFQ's have been used since the early 1980's for efficiently accelerating beam for injection into linacs and synchrotrons. These structures, typically operating at 200 -400 MHz are a few meters long, have completely replaced the large electrostatic terminals used in synchrotron laboratories. While RFQs have been coupled to the front end of cyclotrons [18, 19] , the application has been for pre-acceleration, and not for bunching.
The bunching application requires operating the RFQ at the same frequency as the cyclotron, which is about a factor of ten lower than most of the earlier RFQs built. However, geometries called "split-coaxial" configurations have much lower resonant frequencies, and can be designed to operate in the 30 MHz range of cyclotron frequencies.
A bunching RFQ has been designed [20] that can yield about 85% bunching efficiency that can be close-coupled with the spiral inflector. This reduces the current requirement from the ion source to about 7 mA, and vastly reduces the beam loss at the center of the cyclotron. Simulations indicate excellent capture of this beam, and acceleration to the maximum energy. The full injection system for the IsoDAR cyclotron is shown in Fig 6. It is compact, and highly efficient. is the orbit of the H2 + ions that would enter the extraction septum channel placed at around 90 • . The proton orbits will miss the inner edge of the septum. Pink areas are the "hill" regions of high magnetic field, yellow are "valleys" containing RF cavities. Magnetic field is much lower in the "valleys." The location of the stripper, in the fringing field of the "hill" has a small but significant effect on the orbit, and exit point of the stripped protons.
Septum Extraction
Described above, "septum" extraction from a cyclotron involves placing a thin plate, called a "septum" as the inner electrode of an electrostatic channel. The E field deflects the beam away from the cyclotron center, and into an extraction channel. Key to efficient extraction is that the separation between turns at the outer edge of the cyclotron be high enough that few, or better yet, no particles hit this inner electrode.
Simulations of capture and acceleration to the maximum energy and radius of the cyclotron, shown in Fig 5, indicate that reasonably good turn-turn separation of the beam at the site of the septum is possible for the IsoDAR cyclotron. However, as the full beam power is 600 kW, even the loss of 1% of the particles would be sufficient to cause damage to the septum. A means of protecting the septum has been devised by our collaborator Luciano Calabretta that involves a thin, narrow stripper foil placed a short distance ahead of the septum [21] . This foil is designed to intercept any H 2 + ions that would strike the septum, and strip them into protons. The septum is located inside a region of high magnetic field (one of the cyclotron "hills"), while the foil is upstream of it in a low-field "valley" region. The high hill field will bend the protons more than the H 2 + ions, so the protons will pass inside the septum. They will continue bending in the hill field, according to Fig 7, and loop around to exit through the valley on a path approximately perpendicular to the circulating orbit. A beam dump, or an isotope target can be placed at this exit port. Figure 8 : Schematic of the midplane of the IsoDAR Cyclotron. Blue parts are steel. Red circle is the coil exciting the magnetic field. The orange sectors are RF cavities. The steel geometry inside the coil is divided into "hills" (blue) and "valleys" (white). In the hill regions the steel poles are very close together, producing a very high magnetic field, in the valleys, where the RF cavities are located, the field is low because the steel surfaces are far away. This configuration promotes good beam dynamics-time phasing of the particle bunches (isochronicity), and vertical focusing of the beam.
Stripping Extraction
The blue steel parts outside the coil provide the return path for the magnetic flux. The black lines are the trajectories of stripped protons, originating from the strippers placed in the last (light-blue) turn of the accelerated beam. As the magnetic field in the "valley" region containing the RF cavities is very small, the protons traverse this region with minimal bending, and leave the cyclotron steel almost perpendicular to the last H + 2 orbit. As indicated, up to four extraction ports could be installed, each with a power of 150 kW.
A simple extrapolation of this concept is shown in Fig 8 where instead of using a thin strip to protect the septum, the stripper is used as the primary extraction mechanism. In fact four extraction points can be implemented, dividing the power into 150 kW per port.
As indicated in an earlier section, stripper lifetime in high-power beams is a primary concern. However, with H − beams, the main contributor to stripper foil damage is the electrons that circulate back through the foil. In the case of the H 2 + beam, the field bends the convoy electrons out instead of in, and hence a catcher system can be designed to prevent these electrons from looping back into the foil.
Even though the foil is located in a valley, there is still a substantial magnetic field there, so the bending radius of the electrons will be a few mm. However, Calabretta has suggested that a small permanent magnet installed around the foil can buck out this field so the electrons travel straight forward, and far enough away from the foil that when they emerge from the bucking field they can be directed into a water-cooled stop.
Experiments have been performed at PSI [22] with a 1.72 mA 72 MeV proton beam passing through 60 mg/cm 2 foils placed in a transport line so damage from recirculating electrons will be non-existent, and only the effect of the bare protons passing through the foil can be measured. Foil damage was seen, but only after exposure to about 60 hours of beam. This test is directly relevant to our scheme, assuming 2.5 mA per extraction port.
One big advantage of a purely stripping extraction system is that the need for very clean turn separation is greatly reduced. To obtain high turn separation, the highest-possible RF accelerating voltages are required. If these voltages can be reduced then the power needed to drive the RF system can be substantially reduced. Running in this mode can save almost a full megawatt of wall power; as we see in the table above, dropping the power requirement from 3.5 MW to 2.7 MW.
Summary: IsoDAR Cyclotron Parameters
Putting everything together, Table 1 compares the basic parameters of the IsoDAR cyclotron [23] with two leading commercial isotope cyclotrons: the IBA C-30 and C-70 [24] . Though the proton energy is slightly lower for the IsoDAR cyclotron (60 MeV vs 70 MeV for the IBA C-70), this machine is larger and heavier because of the higher magnetic rigidity of the H 2 + ion accelerated. As noted, though, this ion is the key to the factor-of-ten proton current increase.
Parameter
IsoDAR IBA C-30 IBA C-70 
Isotope Applications
The chief benefits of higher current for isotope production are: a) higher production rates for lower-cross section isotopes, and b) production of larger amounts of long-lived isotopes.
The following sections describe two specific examples-one is the 68 Ge/ 68 Ga PET-isotope generator; the second is the alpha-emitting 225 Ac isotope for therapeutic applications. Undoubtedly, other isotopes can be identified for which higher production rates can have a significant impact in the field of nuclear medicine.
Example: 68 Ge/ 68 Ga Generator
The 68 Ge parent has a 270-day half-life, and decays to 68 Ga which has a 68 minute half-life. 68 Ga is a positron emitter, so is an effective PET isotope. The current "gold standard" for generators is the 99 Mo/ 99m Tc. The 99 Mo parent has a 66 hour half-life, while the 99m Tc daughter has a 6 hour half-life. The primary decay product of the Tc daughter is a 143 keV gamma ray, which is used with SPECT cameras for diagnostic imaging.
Typically, a generator is viable for two to three half-lives of the parent, which in the case of the Mo/Tc generator is a bit over a week. The Ge/Ga system on the other hand is viable for a year or two. The daughter products are both used for diagnostic studies, which usually last 15-30 minutes. Any radioactivity left in the patient after the diagnostic procedure is a burden of additional radiation exposure. So the shorter half-life of the Ga daughter is a definite advantage.
On the other hand, the higher energy of the 511 keV annihilation radiation requires larger detectors; PET rings are now substantially larger than SPECT cameras, so instrumentation for stress tests, for example (a major application of the Tc isotope) would not be as compact. However, compact PET cameras will doubtless be developed as more efficient scintillators are discovered, and would ultimately provide substantially better spatial resolution than SPECT cameras, because of the back-to-back emission of the annihilation photons.
The production target will be a thick sample of natural gallium. Gallium has two stable isotopes: 69 Ga and 71 Ga, with abundances, respectively, of 60% and 40%. 68 Ge can be produced from 69 Ga via a (p,2n) compound nucleus reaction, with an excitation function peaked at about 25 MeV and a width of about ± 5 MeV, and a peak cross section estimated at 150 mb. The same 68 Ge isotope can be produced from the 71 Ga fraction from a (p,4n) reaction, with an energy peak at about 50 MeV and again a width of ± 5 MeV and a (compound-nucleus reaction) peak cross section again assumed to be 150 mb. The incident proton beam is 60 MeV, and as it slows down in the thick Ga target, it can adequately pass through the production regions of both reactions to maximize the efficiency of production of the 68 Ge parent. Other Ge isotopes produced in the target have substantially lower half-lives than 68 Ge; the longer-lived ones are: 71 Ge (11 days), 69 Ge (39 hours) and 66 Ge (2.2 hours). 71 Ge and 69 Ge decay to stable Ga isotopes so do not contaminate the generator, and waiting a day before processing the target adequately removes any 66 Ga from the generator.
The 10 mA intensity of the proton beam from the IsoDAR cyclotron could produce, assuming the above cross sections, approximately 50 Curies of the 68 Ge parent in a week of running. This could yield a very large number of generators, which, with a year or more useful lifetime, could greatly reduce the dependence on a rapid supply chain for distribution of the generator.
The 600 kW of beam power, divided into four targets requires absorption of 150 kW in each. The gallium target material has a low melting point, so the production target would undoubtedly be in liquid form. High-power liquid gallium targets have been developed; the current limit is around 50 kW [25] . Extending this to 150 kW should not be difficult, considering that the area available for a target station close to the periphery of the cyclotron is large, and ample opportunities exist for spreading the beam onto a much larger target face to keep the power density on the target window to a reasonable level.
Example: 225 Ac
Alpha-emitting isotopes are in high demand for therapeutic applications. The short range of alpha particles, and the high LET (Linear Energy Transfer) of the stopping alpha lead to extremely effective cell killing. One of the most effective isotopes is Actinium 225, with a 9.9 day half-life. It is the parent of a chain of four alpha emitters ending up with stable 209 Bi. The four alpha particles at the site of the original 225 Ac all contribute to the radiation damage to the cells within a radius of about 50 µmeters of the decaying nucleus. A review article by Miederer [26] outlines the development of this radioisotope for clinical applications.
The initial source of 225 Ac arose from the chemical separation of 229 Th from 233 U. For this process, the sophisticated hot-chemistry resources at Oak Ridge and Karlsruhe were used. They also provided the 233 U, obtained from nuclear fuel reprocessing. Alpha decay of 229 Th (8000 year half-life) could yield small quantities of 225 Ra that then beta decayed (with a 14-day half-life) to 225 Ac. Though very complex, this process did yield small quantities of 225 Ac, sufficient for the highly-successful clinical studies. Another production method is proton irradiation of 226 Ra, that yields 225 Ac via the (p,2n) reaction. However isolating sufficient 226 Ra for the targets is a real challenge, involving a process almost as complex as the one described above. A much more promising possibility arose from studies at Los Alamos, where thick targets of natural thorium were bombarded with 200 MeV protons. In these experiments, researchers demonstrated that 225 Ac can be produced with acceptable efficiency [27] . Cumulative cross sections were measured in this study, from 200 MeV (15 mb) to 50 MeV (5 mb). Their publication states that use of BLIP (Brookhaven) and LANSCE (LANL) at 100 µA for production of 225 Ac could increase the world supply by a factor of 60. Increasing the current from 100 µA to 10 mA increases this number by another factor of 100. We estimate our production rate to be around 200 mCi per hour, matching in 5 hours the current yearly production rate.
It would require the development of high-power thorium targets, but as this is a refractory material it may be a not-too-difficult task.
Summary
The beam-current requirements for the IsoDAR Cyclotron, to satisfy its mission as a driver for a neutrino source, place it at the forefront of performance for high-power cyclotrons. Achieving the required currents requires innovative developments in ion sources, bunching and injection, capture, acceleration and extraction of the ion species in a highly-optimized cyclotron design. These developments are well understood, and have received funding support from the National Science Foundation. The IsoDAR team, including scientists and engineers from MIT (Cambridge, USA), INFN-LNS (Catania, Italy), PSI (Villigen, Switzerland), is making good progress towards demonstrating the expected performance,
The factor-of-ten increase in beam current over existing cyclotrons in this energy range opens up intriguing possibilities for bringing to commercial and clinical viability some difficult-to-produce radioisotopes, such as 225 Ac and the long-lived 68 Ge/ 68 Ga PET generator. Undoubtedly other new isotopes will emerge as candidates for production with this enhanced performance technology.
As the IsoDAR project develops, with submission of a major construction grant in the 3rd quarter of 2018, we are eager to proceed with final design and construction of this advanced cyclotron that can usher in a new generation of devices with the potential for a large impact on the radioisotope field.
